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Protein Splicing Converts the Yeast TFP1 Gene

Product to the 69-kD Subunit of the Vacuolar
H™"-Adenosine Triphosphatase

PatriciA M. KANE, CARL T. YAMASHIRO, DAVID F. WoLczYK, NORMA NEFE,
MARK GOEBL, ToM H. STEVENS*

The TFP1 gene of the yeast Saccharomyces cerevisiae
encodes two proteins: the 69-kilodalton (kD) catalytic
subunit of the vacuolar proton-translocating adenosine
triphosphatase (H"-ATPase) and a 50-kD protein. The
69-kD subunit is encoded by the 5’ and 3’ thirds of the
TFP1 coding region, whereas the 50-kD protein is en-
coded by the central third. Evidence is presented that
both the 69-kD and 50-kD proteins are obtained from a
single translation product that is cleaved to release the 50-
kD protein and spliced to form the 69-kD subunit.

ACUOLAR-TYPE PROTON-TRANSLOCATING ADENOSINE TRI-
phosphatases (H*-ATPases), which acidify certain intracel-
lular compartments in eukaryotic cells (1, 2), have been
purified from various sources and show an overall structural similar-
ity (1). All of the enzymes purified are multisubunit complexes
containing at least two peripheral membrane subunits with molecu-
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lar masses of ~70 and 60 kD and at least one integral membrane
subunit of ~15 kD. The 70-kD subunit contains the catalytic
adenosine triphosphate (ATP) binding site. The vacuolar H*-
ATPase of the yeast Saccharomyces cerevisiae consists of eight different
subunits, including a 69-kD catalytic subunit and 60- and 17-kD
subunits similar to those found in other cells (3, 4). Genes encoding
the 70- and 60-kD subunits have been cloned and characterized
from a number of different species, and the sequences of both
subunits from plant, animal, and fungal sources are remarkably
conserved (5-7). The predicted amino acid sequence of the yeast 60-
kD subunit is 82 percent identical to that of the Neurospora crassa 57-
kD subunit and 74 percent identical to that of the human 60-kD
subunit (8). The functional roles of the yeast vacuolar H*-ATPase
have been assessed by disrupting the gene for the 60-kD subunit,
which is termed VAT2 (8). Cells lacking VAT2 grow more slowly
than wild-type cells, fail to grow at neutral pH, and lack the ability
to acidify their vacuoles. Isolated vacuoles from these cells lack
ATDPase activity.

We now present evidence that the 69-kD subunit of the yeast
vacuolar H*-ATPase is one of two proteins encoded by the
previously identified TFP1 gene (9). The vacuolar H*-ATPase
subunit is specified by the two ends of TFP1, and the central one-
third encodes a 50-kD “spacer” protein. Our results indicate that the
69- and 50-kD proteins are formed from a single translation product
by post-translational cleavage and splicing.

Encoding of the catalytic subunit of the yeast vacuolar H*-
ATPase by TFP1. A dominant allele of TFP1 was previously
isolated from a mutant yeast strain resistant to the drug trifluopera-
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zine (9). The sequence of wild-type TFP1 contains an open reading
frame that encodes a putative 1071—amino acid, 119-kD protein (9-
11). Initial analysis of the predicted amino acid sequence revealed
homology to the catalytic (B) subunits of H*-ATPases from
Escherichia coli, mitochondria, and chloroplasts (F;Fy-ATPases);
further analysis uncovered a much higher degree of identity with the
catalytic subunits of vacuolar H*-ATPases from several different
species. As illustrated by the comparison to the vma-1 gene from
Neurospora (5) (Fig. 1A), the regions of homology mapped to the
amino-terminal and carboxyl-terminal thirds (the “N domain” and
“C domain,” respectively) of the putative protein encoded by the
TFP1 open reading frame. These two regions are 73 and 77 percent
identical, respectively, to the corresponding regions of the Neurospo-
ta 70-kD subunit. The homology to the Neurospora protein is
interrupted abruptly by the middle one-third of the TFP1-encoded
protein. This segment (the “spacer domain™) shows no amino acid
homology to any known vacuolar H*-ATPase subunit sequence,
but is 31 percent identical to one region of the yeast HO endonucle-
ase (10, 12). The interruption of homology to the Neurospora
catalytic subunit occurs in a very highly conserved sequence that is
thought to comprise part of the ATP binding site in the catalytic
subunits of both vacuolar and FFy ATPases (5, 7).

Additional evidence supports the assignment of TFP1 as the
structural gene for the 69-kD subunit of the yeast vacuolar H*-
ATPase. Amino-terminal protein sequence (17 residues) of the yeast
69-kD subunit was obtained and found to correspond to amino acid
residues 13 to 29 of the protein encoded by the TFP1 open reading
frame. This suggests that TFP1 encodes the 69-kD subunit, but that
the first 12 amino acids predicted by the DNA sequence have been
removed in the mature protein. [The mature 60-kD subunit of the
yeast vacuolar H*-ATPase also appears to lack the first 12 amino
acids predicted by its DNA sequence (8).] Analysis of mutant yeast
strains lacking TFP1 provided further evidence that TFP1 is the
structural gene for the 69-kD subunit. The genomic copy of TFP1
was deleted by replacing the Eco RV-Sph I fragment of TFP1 (Fig.
1B) with the LEU2 gene in vitro and then integrating this construc-
tion at the TFP1 locus of haploid yeast cells [ TFP1 is not an essential
yeast gene (9, 10)] by a single-step gene replacement (13, 14). The
phenotypes of the resulting tfp1-A8 mutant were compared with the
isogenic parental haploid strain. Immunoblots of whole cell lysates
indicated that the 69-kD subunit is completely missing from the
tfp1-A8 strain, whereas the 60-kD subunit is present in similar
amounts in both strains (Fig. 2). Other phenotypes of the mutant
cells were identical to those seen for cells lacking VAT2 (8). The
tfp1-A8 mutants displayed pH-dependent growth (cell growth was
optimal in medium buffered to pH 5 in contrast to no growth in
buffered pH 7 medium), and the mutant cells grew more slowly
than the isogenic wild-type cells under all conditions. Vacuoles
isolated from tfp1-A8 cells had no ATPase activity and were devoid
of both the 60- and the 69-kD ATPase subunits, suggesting that
cells lacking the 69-kD subunit failed to assemble the 60-kD subunit
onto the vacuole membrane. All of the mutant phenotypes could be
fully complemented by introducing wild-type TFP1 on a single-
copy (CEN) plasmid. These data, together with evidence presented
below, indicate that the 69-kD subunit of the vacuolar H*-ATPase
is encoded by TFP1 and that this is the sole gene for this subunit.

Comparison of the TFP1 sequence to that of the Neurospora vma-1
gene suggested that the mature 69-kD subunit in yeast is composed
of the N and C domains of the TFP1 gene product, and that the
spacer domain is removed at some point in the synthesis of the
subunit. Support for this structural model was obtained by mapping
the epitopes recognized by four different monoclonal antibodies
that reacted with the 69-kD subunit on immunoblots (15). Frag-
ments of TFP! were placed under an inducible promoter and
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expressed in Escherichia coli. We then assessed the ability of the
different antibodies to recognize the proteins expressed on induction
by comparing lysates from induced and uninduced cells on immu-
noblots (16). From this analysis, we determined that three of the
monoclonal antibodies recognized epitopes in the N domain of the
TFP1 gene product and one recognized an epitope in the C domain.
None of the four antibodies recognized the spacer domain (as
defined by the Kpn I-Nae I fragment of TFP1). These results are
consistent with the idea that the N and C domains are joined to form
the 69-kD subunit.

TFP1 spacer domain region present in the mature mRNA.
RNA splicing represents one obvious way of joining the N and C
domains of the TFP1 gene product. We addressed this possibility by
RNA (Northern) analysis of the TFP1 mRNA (Fig. 3). Polyadeny-
lated RNA [poly(A)* RNA] was isolated and probed with DNA
fragments corresponding exclusively to the N, spacer, and C do-
mains. All of these probes recognized a single mRNA of 3.7
kilobases (kb), which is large enough to encode the three domains of
the predicted polypeptide. No specific transcripts of the expected
size for an mRNA processed to remove the region encoding the
spacer domain were seen. Although the size of the message and the
recognition of the same species by all three probes suggested that it
contains the entire TFP1 sequence, we also analyzed the size of the
mRNA produced from an allele of TFP1 from which the region
corresponding to the spacer domain had been precisely deleted by
oligonucleotide-directed mutagenesis. Cells carrying this tfp1-A10
allele synthesize a functional 69-kD subunit (described below) and
should produce a transcript comparable in size to a spliced mRNA
encoding only the N and C domains. As expected, this construction
produced an mRNA of ~2.4 kb (17). This experiment does not
eliminate the possibility that an undetectably small amount of
spliced message is present and is responsible for synthesis of the 69-
kD subunit. However, other evidence argues against splicing of the
TFP1 mRNA. Introns in yeast nuclear genes contain highly con-
served sequences at the 5’ end and at the branch site (18), and
neither of these sequences is present in TFP1. Indeed, rma2'* ma8'
double mutants, which are defective in nuclear mRNA splicing at
the nonpermissive temperature (19), produce the normal 69-kD
subunit (and no aberrant products from unspliced message) even
after long times at the restrictive temperature (20). Group I and
group Il introns also contain conserved sequences that form second-

A aa 1 273 608
Neurospora vma-|
73% 77%
Yeast TFPI
aa. | 284 738 1071
N domain Spacer domain C domain
B
N S
x B &R K R Sp X
t::']. FE [ N\ AN N I |
ATG Stop

Fig. 1. (A) Schematic comparison of yeast TFP1 and Neurospora vma-1 genes.
Amino acid (a.a.) sequences were compared and percentage identities
between predicted amino acids 1 to 608 from the Neurospora gene and 20 to
284 and 738 to 1071 from yeast TFP1 are shown. (B) Restriction map of
TFP1. The open and slashed boxes correspond to the same regions as in (A);
the dotted boxes are the 5" and 3’ untranslated regions. Restriction enzymes:
X, XbaI; B, Bam HI; E, Eco RV; H, Hind IIL; K, Kpn I; N, Nae I; P, Pst I;
S, Sac II; Sp, Sph I. The overall restriction map of the gene matched that
reported previously for the TFP1 dominant allele exactly (9).
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Fig. 2. Immunoblots of whole cell WT A WT A
lysates from wild-type and ¢p1-A8  p B
cells. Yeast cells were grown to
mid-logarithmic phase in yeast ex-
tract peptone dextrose (YEPD) me-
dium buffered to pH 5.0 with 50 [+69
mM sodium phosphate and 50 mM 60-»
sodium succinate. Total cell protein

extracts were pi separated 43
by SDS—polyacrylamide gel electro-
phoresis (PAGE) on a 10 percent
acrylamide gel, and blotted onto
nitrocellulose (8). Extracts corre-
sponding to an equal number of
cell equivalents of SF838-5A (WT)
or tfp1-A8 (A) cells were probed
with a mixture of monoclonal antibodies 11E6 and 8Bl to the 69-kD
subunit (A) or monoclonal antibody 13D11 to the 60-kD subunit (B) of the
yeast vacuolar H*-ATPase (15). The positions of the molecular mass
standards are shown in kilodaltons. '

=219

100

—68

27

A B C Fig. 3. RNA (Northern) blot analy-
sis of TFP1 transcripts. Polyadenylat-
ed [poly(A)*] mRNA was isolated
from wild-type yeast cells (30), frac-
tionated, and transferred to a nylon
filter (32). Northern blots were
probed with 32P-labeled ents of
TFP1_corresponding to (A) the N
domain (Eco RV-Pst I fragment),
(B) spacer domain (Kpn I-Sac II
fragment) and (C) the C domain
(Hind III-Xba I fragment) (9). Posi-
tions of RNA molecular size markers
(BRL) are shown in kilobases.

95 ==
i
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24 — ' pr.4
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ary structures important for their splicing (21), and the region
encoding the spacer domain shows neither the conserved sequences
nor any obvious secondary structure. Finally, the presence of a
single, long open reading frame is very unusual for intron-contain-
ing genes.

The presence of the region encoding the spacer domain in the
mRNA led us to look for a large protein precursor of the 69-kD
subunit. Overexpression of TFP1 might saturate a step in the
processing of the TFP1 gene product, permitting visualization of a
precursor. TFP1 was placed under control of the inducible yeast
GAL10 promoter (22, 23) (Fig. 4). Lysates from cells grown 6
hours in the presence or absence of galactose were probed with
antibodies specific for the N domain or C domain of the 69-kD
subunit. The lysates from the cells grown in galactose show
overproduction of the 69-kD subunit, but they also show a very
small amount of a 119-kD product that is recognized by both
antibodies. However, although this protein is the size expected for
an unprocessed precursor containing all three domains encoded by
TFP1, we were never able, because of its low abundance, to prove
from kinetic (pulse-chase) experiments that it converted to the 69-
kD subunit (see below).

The spacer domain of the TFP! gene product must be
translated to obtain the mature 69-kD subunit. The foregoing
experiments indicated that the region corresponding to the spacer
domain is present in the mature mRNA. However, these experi-
ments did not directly address the question of whether this region
must be translated in order to generate the 69-kD subunit. We
addressed this question by making a series of mutations in the spacer
domain region of TFP1 and determining whether CEN plasmids
containing these mutant alleles could complement the defects of a
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tfp1-A8 strain (23). Deletion of four nucleotides at the Kpn I site
(tfp1-A14) or two nucleotides at the Sac II site (¢fp1-A12) of the
spacer domain region introduces a stop codon within 18 codons of
the respective restriction sites (Fig. 5A). The tfp1-A8 cells containing
a plasmid-borne copy of TFP1 produce a normal 69-kD subunit, as
expected (Fig. 5B). In contrast, no protein cross-reactive with the
monoclonal antibodies to the 69-kD subunit that recognize the N
domain was detected in cells containing the tfp1-A14 allele. Cells
carrying the ¢fp1-A12 plasmid contained only a small amount of
cross-reactive material, which migrated at an apparent molecular
mass of 72-kD, suggesting formation of a truncated protein com-
posed of the N domain of the 69-kD subunit and a part of the
spacer-domain terminating after the Sac I site. Consistent with this,
antibodies recognizing only the C domain did not cross-react with
the 72-kD product (20). These results indicate that continuous
translation of the entire TFP1 mRNA is required for synthesis of the
69-kD H*-ATPasc subunit.

We took this proposal one step further. If these mutant TFP1
alleles fail to produce the 69-kD subunit because of stop codons
introduced in the spacer region, then introduction of a second
mutation that restores the reading frame before the stop codon is
reached might also restore production of the 69-kD subunit. We
tested this hypothesis by introducing an additional 1-bp (base pair)
deletion three nucleotides downstream of the original 2-bp deletion
in tfp1-A12 mutation by oligonucleotide-directed mutagenesis to
produce a 3-bp deletion (tfp1-A13) (Fig. 5A). A plasmid containing
the tfp1-A13 allele restored normal growth at pH 7 to tfp1-A8 cells
and abolished the other phenotypes of the tfp1-A8 mutants. Cells
carrying the ¢fp1-A13 allele produced an apparently normal 69-kD
subunit (Fig. 5B). This result suggests that the mutant phenotypes
seen with the original ¢p1-A12 mutation are due to the shift in
reading frame and cannot be attributed to disruption of sites
important for RNA processing. It also provides further support for
mechanisms requiring continuous translation of the entire TFP1
open reading frame.

To determine whether the presence of the spacer domain region
was essential for synthesis of the 69-kD subunit, we deleted the
entire spacer region, fusing the N and C domain regions of TFP1
(tfp1-A10). A plasmid with this construction restored normal growth
at pH 7 to ¢fp1-A8 cells and directed the synthesis of a 69-kD subunit
indistinguishable from the wild-type subunit (Fig. 5B). This result
indicates that the N and C domains can form a functional subunit
when joined by a normal peptide bond. Because this fusion of the N
and C domains creates a functional subunit that has an apparent
1.2

Fig. 4. Immunoblots of yeast cells car- 3 4

rying TFP1 under control of an induc-
ible GAL10 promoter. CJRY20-3B | 200
cells were transformed with the plas-

mid pPKI10, -which contains TFP1 -

fused to the yeast GAL10 promoter —97 —

(22). Cells were grown overnight in

medium containing 2 percent raffinose 68 |t
as described (37) and induced by the e e
addition of 2 percent directly

to the medium. Uninduced 43 —

cells had no galactose added. Cells were
harvested 6 hours after induction, and
total in extracts were pre]
separated by SDS-PAGE on a 10 percent acrylamide gel, and blotted onto
nitrocellulose (8). Extracts corresponding to an equal number of cell
equivalents of induced (lanes 2 and 4) or uninduced (lanes 1 and 3) cells
were probed cither with monoclonal antibody 8B1, which izes the N
domain (lanes 1 and 2), or with monoclonal antibody 11E6, which

ized the C domain (lanes 3 and 4). Arrows indicate the position of the
119-kD product that represents the unprocessed TFP1 gene product in the
induced cells. The positions of molecular mass standards are shown in
kilodaltons.
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molecular mass identical to the wild-type protein, our proposed
primary structure for the 69-kD subunit, based on homology to the
Neurospora vma-1 gene, must be reasonably close to the primary
structure of the actual protein.

These observations prompted us to investigate whether the spacer
domain region of TFP1 encoded a stable protein. We injected
rabbits with a peptide from the predicted amino acid sequence of the
spacer domain (15), and then used the resulting antibodies to probe
immunoblots of wild-type cells and ¢fp1-A8 cells carrying various
plasmids. The specific antibodies to the peptide recognized a protein
of ~50-kD in both wild-type cells and ¢fp1-A8 cells carrying a CEN-
TFP1 plasmid (Fig. 5C). This protein was missing in ¢fp1-A8 cells
- and in the tfp1-A10 cells. The antibodies recognized the same protein
of ~72-kD that cross-reacted with the antibodies to the 69-kD
subunit (N domain) in the ¢fp1-A12 cells, consistent with the
formation of a truncated protein from this construction. These
results indicate that the spacer domain region of TFP1 encodes a
fairly abundant and stable protein. However, the immunoblots may
not accurately reflect the relative proportions of the 69-kD (ATPasc
subunit) and 50-kD (spacer) products and would not reveal tran-
sient precursors in the formation of these products. :

The biosynthesis of the two protein products from TFP1 was then
examined. Cells were labeled for 10 minutes with [33S]methionine
and [¥S]cysteine, and either lysed immediately or incubated for 10
minutes more in the presence of unlabeled methionine and cysteine
before lysis (Fig. 6). The newly synthesized proteins were immuno-
precipitated with cither the antibodies to the 69-kD subunit or the
antibodies to the spacer peptide. The similar amounts of protein
precipitated by the two different sets of antibodies indicate that the
69- and 50-kD proteins are produced at similar rates. Both products
must be fairly stable because there was no obvious loss of product
after the 10-minute incubation period. No full-length (119-kD)
translation product was detected in this experiment or with labeling
times as short as 2 minutes. Similar time-labeling studies on yeast
cells that had been induced to overexpress TFP1 revealed a minor
amount of a 119-kD product relative to the 69-kD product (20).

Fig. 5. (A) Mutations at
the Sac II site. High-
lighted nucleotides cor-
respond to nucleotides _
removed in the two dif- Kpn I Spacer domain
ferent mutations, the = g c
break (ff) covers 48 nu- O T e R
cleotides, and the stop ..
codon brought into
frame by the 2-bp dele- 50—
tion is underlined. (B ¥ o
and C) Immunoblots of  °° - -

cells containing TFP1? L

spacer domain muta- 43— L-
tions on CEN plasmids.
tfp1-A8 cells were trans-
formed by the lithium s
acetate method (29). -
Transformed cells were
selected and maintained 18 — 18
on supplemented SD g e
Whole cell lysates were subjected to SDS-PAGE, and blotted as
with a mixture of monoclonal

TGC CGC GGA TTT TAT [ TCLGAT

Sac I1

2 3 4 5 &6

=219

—100

le cel ly prepared,
described (Fig. 2). Blots were
antibodies 8B1 and 11E6 to the 69-kD subunit (B) and with the antibodies
to the spacer peptide (15) (C). An identical blot probed with the monoclonal
antibody to the 60-kD subunit showed an equal amount of protein of the
expected molecular size in all the samples (20). Cells were transformed with
the following plasmids: (lane 1) pDW21 (CEN-TFP1); (lane 2) pRS316
(vector only); (lane 3) 1-A10 (spacer A); (lane 4) ptfpl-A12 (Sac IT A2);
(lane 5) 1-A13 (Sac IT A2 + Al); (lane 6) pdfpl-Al4 (Kpn I A4). The
positions of molecular mass standards are shown in kilodaltons.
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The proportions of the two products were similar to those seen at
steady-state in Fig. 4, even at short labeling times, and it thus was
not possible to establish whether the 119-kD “precursor” converted
to the 69-kD and 50-kD proteins with time because it represented a
small percentage of the immunoprecipitated protein.

Protein splicing of the TFP1 gene product in heterologous
contexts. To determine whether production of the 69- and 50-kD
proteins from the TFP1 mRNA requires factors specific to yeast, we
attempted to duplicate this process in vitro. TFP! was cloned
behind an SP6 promoter, and RNA was synthesized in vitro by the
SP6 RNA polymerase. The synthesized RNA was then added to a
rabbit reticulocyte lysate translation system containing [*S]meth-
ionine and [**S]cysteine, and the products were immunoprecipitat-
ed with either the antibodies to the 69-kD subunit or the antibodies
to the spacer peptide. The antibodies to the 69-kD subunit immu-
noprecipitated a 69-kD product and antibodies to the spacer peptide
precipitated a similar amount of 50-kD product (Fig. 7). The
appearance of these two products was absolutely dependent on
addition of the TFP1 RNA because nothing was precipitated by
cither antibody in the absence of RNA. As in the immunoprecipita-
tions of TFP1 products synthesized in vivo (Fig. 6), no full-length
119-kD translation product was seen. Similar results were obtained
with mRNA isolated from yeast (20). These results indicate that (i)
there is nothing specific to the yeast mRNA that is required for
production of the 69- and 50-kD proteins and (ii) either the cellular
machinery for synthesis and splicing of the 69- and 50-kD proteins
is preserved in mammals and present in the reticulocyte translation
mixture or the process of forming the 69- and 50-kD products
requires no cellular machinery and is therefore autocatalytic.

We used TFP1 expression in E. coli to determine how the gene
product would be handled in bacteria. TFP1 was cloned into the

Fig. 6. Synthesis of the 69-kD ATPase
subunit and the 50-kD spacer protein.
SF838-5A cells were grown to mid-loga- 200
rithmic phase in supplemented SD medi-
um lacking methionine. Cells were con-
verted to | lasts with zymolyase
100T (ICN Biochemicals) as described
(38). Spheroplasts were resuspended at a
density of 3.3 x 107 per milliliter in 65}
growth medium containing 1.2 M sorbi-
tol and incubated with 200 pCi of
Tran**S-label (ICN Biochemical) per
107 cells at 30°C for 10 minutes (pulse).
At the end of the labeling period, half of
the culture was combined with an equal
volume of ice-cold 20 percent trichloro-
acetic acid (TCA) (lanes 1 and 2). Unla-
beled methionine and cysteine were add- oy
ed to the other half of the culture to a
final concentration of 0.3 mg/ml and the
incubation was continued for an addi-
tional 10 minutes (lanes 3 and 4), fol-
lowed by TCA precipitation (chase). The
TCA-precipitate was washed once in acetone and solubilized in 0.9 M tris-
HCI (pH 8.0), 1 percent SDS, 1 percent Triton X-100, and 20 mM EDTA
(immunoprecipitation buffer) at 100°C. The solubilized pellets were diluted
(1:10), then immunoprecipitated with either a mixture of monoclonal
antibodies 8B1 and 11E6 (lanes 2 and 4) or the antibodies to the spacer
peptide (lanes 1 and 3). For the spacer peptide antibody samples, the initial
incubation with primary anti was followed by incubations with goat
antibody to rabbit imm in G (IgG) and then mouse antibody to
goat IgG (both from Jackson Immunobiologicals) to increase the stability of

immune complexes. For all of the immunoprecipitations, the immune
complexes were precipitated with goat antibody to mouse IgG conjugated to
Sepharose-4B (Organon-Tcknika). The precipitated samples were washed
twice in immunoprecipitation buffer without SDS, then analyzed by SDS-
PAGE and fluorography as described (39). The positions of molecular mass
standards are shown in kilodaltons.

10 min pulse

10 min pulse 10 min chase

97

43

1 2 3 4
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pCW-ori+ vector behind the tac promoter. Three identical immu-
noblots (Fig. 8) of E. coli cell lysates made 15 minutes after
isopropylthiol-B-p-galactoside (IPTG) induction were probed with
antibodies to the N, spacer, and C domains. Once again, there was
no 119-kD product visible, but the antibodies to the spacer peptide
recognize a protein of 50 kD and the antibodies to the 69-kD
subunit recognized a 69-kD protein. This implies not only that the
gene product can be correctly cleaved in E. coli, but also that splicing
is taking place, because the 69-kD product is recognized by
antibodies to the N and C domains but not by antibodies to the
spacer domain. None of the antibodies recognized any protein in
immunoblots of lysates from uninduced cells (20). At later times of
induction (3 hours), a small amount of 119-kD product that was
recognized by all three sets of antibodies was formed. This probably
represents the complete TFP1 translation product, but was consis-
tently a minor species relative to the 69- and 50-kD products. The
antibody to the C domain also recognized a stable protein of
38 kD. It is unclear whether this is a stable fragment resulting from
proteolysis of TFP1 product, a genuine intermediate in the process-
ing-splicing reaction, or a product of incorrect initiation of transla-
tion within the TFP1 mRNA. However, it is intriguing that this
fragment is approximately the predicted size of the C domain (37.1
kD) and is recognized only by the antibody to the C domain. The
production of the 69- and 50-kD proteins in E. coli is more
consistent with an autocatalytic model for protein splicing of the
TFP1 gene product.

The 69-kD and 50-kD proteins from a single translation
product by protein splicing. Our data thus invite two interpreta-
tions. The 69- and 50-kD proteins could be produced by two
different mRNA molecules that cither are present in very small
amounts or are very short-lived (and therefore undetectable on the
Northern blots). Alternatively, the two proteins could be produced
from a single translation product that is cleaved to release the spacer
protein and then “spliced” to form the mature 69-kD subunit. We
believe that all the data taken together favor the second possibility.
The immunoprecipitation data indicate that the two proteins are
produced at nearly identical rates. Although it is possible that two
different mRNA’s could be produced and then translated at the same
rate, this would seem to be less likely than synthesis of a single
product and division into two parts. As discussed above, the splicing
of the mRNA would also have to involve previously uncharacterized
mechanisms because none of the consensus sequences for RNA
splicing are present in TFP1. Results from the spacer domain
mutations indicate that the translation of the 69- and 50-kD
products are very closely linked. Introduction of stop codons in the
spacer domain region of TFP1 by the creation of small deletions
alters both the 69- and 50-kD products, restoration of the reading
frame in the spacer domain region restores both products, and, in
the case of the ¢fp1-A12 allele, translation must continue through the
junction of the N and spacer domains in order to generate the
truncated product seen. Because conditions were never found that
resulted in accumulation of the 119-kD TFP1 translation product,
and because the 69- and 50-kD species predominate even at very
short labeling times, it scems likely that the cleavage and splicing
steps occur very rapidly. If the processing reactions are autocatalytic
as the results shown in Fig. 8 suggest, overproduction of the protein
would not be predicted to result in accumulation of a precursor, and
the cleavage and splicing reactions might occur before or immediate-
ly after release of the newly synthesized protein from the ribosome.

We can envision many variations on these two basic models, but
most of these variations are less consistent with our data than the
protein splicing model. Hirata et al. (10) note that a 10—amino acid
stretch of the spacer domain of the TFP1 gene product is also found
in many RNA maturases. Although this might suggest a mechanism
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in which an initial translation product that includes the maturase-
like domain produces a processed transcript that encodes the 69-kD
subunit (24), several lines of evidence are not consistent with such a
model. Other genes that use RNA maturases in their processing,
such as the cytochrome b gene of S. cerevisiae (25), show mRNA
species corresponding to both the maturase-containing protein
product and the processed product. We would also predict that an
RNA maturase would act in trans on TFP1 transcripts, so that TFP1
alleles containing spacer mutations could produce a normal 69-kD
subunit when expressed in cells containing a wild-type TFP1 gene
capable of providing the maturase function. In fact, the results
indicate that the processing event does not occur in trans. When the
tfp1-A12 allele was expressed in wild-type cells, the cells produced
the 72-kD protein product (N domain plus a truncated spacer
domain) along with a normal 69-kD subunit, indicating that the
wild-type gene cannot compensate for the mutation in the spacer
region (20). There has been one report of “ribosome skipping,” in
which a 60-bp section of the mRNA of the p60 protein of T4
topoisomerase was not translated (26). However, the skipping
appears to be dependent on formation of a hairpin between regions
within the segment that is skipped and the 5' junction, and no
similar sequences for secondary structure are apparent at the pro-
posed junctions in TFP1. In addition, the translation of TFP1
produces both the 69- and 50-kD proteins.

We have no direct evidence that the N and C domains are spliced
by the formation of a normal peptide bond, but substantial indirect
evidence favors this possibility. When the spacer domain was deleted
genetically, a functional 69-kD product was formed, and there is no
reason to propose that this construction would produce anything
other than one continuous polypeptide. If the 69-kD protein
produced from the wild-type TFP1 gene contains another type of
bond, then it must be very stable, because the 69-kD subunit is
stable to reducing agents, many detergents (including SDS), chao-
tropic anions, 10 percent trichloroacetic acid, 0.1 M NaOH, and
100°C. When these facts are assessed together, the model based on
protein splicing (Fig. 9) is most consistent with all the data.

How exceptional is protein splicing? Production of the 69- and
50-kD proteins from a single translation product by protein splicing
would represent a major departure from the usual colinearity of
mature mRNA and protein sequences. Nevertheless, the idea of
protein splicing is not unprecedented. In concanavalin A, a jack bean
lectin, 15 amino acids in the middle of the predicted amino acid

Fig. 7. In vitro transcription and translation of 69 kD Spacer
TFP1. Plasmid pCY59 was lincarized by di- "W - = - ¢
gestion with Sal I, then transcribed with SP6 7]
RNA polymerase (Promega). The in vitro
transcribed RNA was added to a rabbit reticu-
locyte translation mixture (BRL), and transla-
tion was carried out in the presence of 20 pCi
of Tran**S-label per reaction. The newly syn-
thesized proteins were immunoprecipitated
with the monoclonal antibodies 8B1 and
11E6 to the 69-kD subumt, followed by goat
antibodies to mouse IgG conjugated to Sepha-
rosc-4B (lanes lde)asdwcnbedelg 6
or the antibodies to the spacer peptide fol-
lowed by IgGSorb (The Enzyme Center)
(lanes 3 and 4) as described (8). No RNA was
added to the translation mixture .in the sam-
ples shown in lanes 1 and 3. The smaller
molecular mass products scen in the 69-kD
subunit precipitation appear to lack part of the :
C domain, because they were recognized by g R
antibodies to the N domain but not the C

domain in control experiments. It is unclear if they result from proteolysis or
premature termination of transcription or translation. The positions of the
molecular mass standards are shown in kilodaltons.
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Fig. 8. Splicing of TFP1? product in E. coli. Expres-
sion of TFP1 was induced by the addition of 1 mM
IPTG to cells in carly logarithmic growth. Cells
were harvested 15 minutes after induction and lysed
by freezing at —80°C and then boiling in 5 percent
SDS and 8 M urca. Blots were prepared as in Fig. 2,
then probed with a mixture of monoclonal antibod-
ies to the N domain of the 69-kD subunit (8B1,
7D5, and 7H12) (N), antibodies to the spacer
pcptlde (Sp-), or monoclonal antibody 11E6 to the
C domain of the 69-kD subunit (C). The positions
of molecular mass standards are shown in kilodal-

tons.
26
18—
e P b
1 Translation the TFP1 gene gg’du“
N Spacer c to form the 69-kD and
[ Vo777 50-kD products.
1 Protein splicing
N c
[ I T + P22
69-kD subunit 50-kD spacer protein

sequence (spacer domain) are missing
28).

from the mature protein (27,
Timed labeling studies have revealed that the primary transla-

tion product is cleaved and a new peptide bond formed to rejoin the
N and C domain fragments into the mature protein. In contrast to

the

yeast 69-kD subunit, protein splicing of concanavalin A results

in the N domain of the primary translation product becoming the C
domain of the mature protein. Thus, the N and C domains swap
relative positions in the primary translation product and the mature
polypeptide. The kinetics of splicing and computer modeling of the
mature concanavalin A structure indicate that the splicing occurs by
transpeptidation (27). In addition to these likely examples of protein
splicing, there are many examples where the possibility of protein
splicing has simply not been addressed, either because all of the
information about the protein is extrapolated from its cDNA
sequence or because aberrations in the behavior of the protein, such
as unusual mobilities on SDS-polyacrylamide gels, were attributed
to trivial causes without further investigation.

Our results provide a framework for the elucidation of the
mechanisms involved in protein splicing and for an assessment of its
prevalence. Concanavalin A is not found in an organism that can be
easily manipulated genetically, so studies on the mechanisms of its
processing were necessarily limited. Genetic analysis of processing of

the

TFP1 gene product should provide information on the portions

of the molecule necessary for its splicing in yeast and may also
permit identification of other cellular components that participate in
this process and other proteins that are spliced.
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